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Phenylalanine removal is a necessary step for production of protein hydrolysates appropriate for
consumption by phenylketonuria patients. In this study, the feasibility of employing an agricultural
residue as precursor material in the production of adsorbents for phenylalanine removal from model
solutions was studied. The adsorbent was prepared by treatment of the residue (defective coffee press
cake) with H3PO4 and activation at 350 C. Batch adsorption studies were conducted at 25, 35 and 45 C.
Distinct mechanisms were observed for adsorption of phenylalanine onto the prepared adsorbent
depending on the solution pH. Hydrophobic interactions between carbon rings at the adsorbent surface
and phenyl rings of the adsorbate molecules was deemed the predominant mechanism. Adsorption
kinetics was satisfactorily described by a pseudo-second-order model and Langmuir model provided the
best-ﬁt for equilibrium description. Maximum uptake capacity of phenylananine was comparable to
values encountered in the literature for synthetic adsorbents. The results show that agricultural residues
present potential as materials for production of adsorbents for phenylalanine removal from aqueous
solutions.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Phenylketonuria (PKU) is a disease in which the oxidation of the
amino acid phenylalanine (PHE) is impaired due to a deﬁciency of
the PHE hydroxylase enzyme, resulting in several problems in
untreated patients, including mental retardation and reduction of
life expectancy (Giovannini, Verduci, Salvatici, & Fiori, 2007). PKU
nutritional therapy is accomplished by rigorous diets based on
protein substitutes, either mixtures of free amino acids or protein
hydrolysates (Clemente, 2000). In Brazil, such mixture of free
amino acids is rather costly. An alternative to reduce costs is the use
of residues from the food industry in the development of protein
hydrolysates. However, the PHE contents in the produced hydro-
lysate must be reduced to acceptable levels, usually by adsorption
(Díez, Leitão, Ferreira, & Rodrigues, 1998; Long et al., 2009; Titus,pent coffee grounds; PHE,
ylketonuria; RMS, root mean
eral de Minas Gerais, Av.
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sevier OA license.Kalkar, & Gaikar, 2003). Thus, high costs are still associated with
the PHE removal step given the use of synthetic adsorption mate-
rials, and such costs could be reduced by the use of residue-based
adsorbents (Oliveira & Franca, 2008).
Agricultural wastes are the most common raw materials being
studied for production of low cost adsorbents, since they are
renewable, available in large amounts and potentially less expen-
sive than other precursor materials. Several studies on residue-
based adsorbents are available, with applications mostly focusing
on wastewater treatment including removal of heavy metals, dyes
and others (Oliveira & Franca, 2008). Coffee is the most important
agricultural product in Brazil, with yearly production ranging from
2 to 3 million tons (ICO, 2011). Approximately 20% of the coffee
production in Brazil consists of defective beans, that decrease
beverage quality and are used by the roasting industry in blends
with good quality beans (Oliveira, Franca, Mendonça, & Barros-
Junior, 2006). Thus, studies are under development to ﬁnd alter-
native uses for defective coffee beans. One of the considered
alternatives is oil extraction, either for biodiesel production
(Oliveira, Franca, Camargos, & Ferraz, 2008) or for nutraceutical
applications (Azevedo et al., 2008). Although technically feasible,
the oil extraction generates a solid processing residue, the coffee
press cake, for which a proﬁtable use is yet to be envisaged. A few
recent studies have shown this type of residue can be employed as
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dyes (Franca, Oliveira, Nunes, & Alves, 2010; Nunes, Franca, &
Oliveira, 2009). Thus, the objective of this work was to evaluate
the feasibility of employing a residue-based adsorbent, the oil
exhausted coffee press cake, for PHE removal from aqueous
solutions.
2. Materials and methods
2.1. Materials
Defective coffee beans were acquired from Santo Antonio State
Coffee (Santo Antônio do Amparo, MG, Brazil). The Phenylalanine
(PHE) standard was purchased from SigmaeAldrich (SP, Brazil).
2.2. Adsorbent preparation
Raw defective coffee beans were screw pressed (Ecirtec, Brazil)
for oil removal, impregnated (100 g) with 100 mL H3PO4 solution
(85 g/100 g) and stirred for 3 min at 25 C (Patnukao & Pavasant,
2008). The corresponding impregnation ratio was 168% (acid
solution density of 1.68 gmL1). Themixturewas ﬁltered in a paper
ﬁlter and the acid-treated residue heated for 1 h in a mufﬂe furnace
(350 C). The carbonized material was cooled under nitrogen and
several times washed with distilled water to remove excess acid
(until the pH of the ﬁltered solution was constant). The solid
material was dried at 105 C for 4 h.
2.3. Adsorbent characterization
Speciﬁc surface area and pore volume determinations were
based on Nitrogen adsorption isotherms at 196 C (Autosorb e
Quantachrome NOVA). The speciﬁc surface area was calculated by
the BrunauereEmmetteTeller (BET) method, pore size and total
volume were calculated by the BarreteJoynereHalenda equation,
whereas micropore volume calculated by the t-method (Brunauer,
Emmett, & Teller, 1938). Surface functional groups determination
was based on a titration method (Boehm, 1994). Solutions of
NaHCO3 (0.1 mol L1), Na2CO3 (0.05 mol L1), NaOH (0.1 mol L1),
and HCl (0.1 mol L1) were prepared with distilled water. 50 mL of
these solutions were added to vials containing 1 g of adsorbent,
shaken for 24 h (100 rpm) and ﬁltered. Five solution blanks were
also prepared. The excess of base or acid was determined by back
titration using NaOH (0.1 mol L1) and HCl (0.1 mol L1) solutions.
Evaluation of the Point of Zero Charge (pHPZC) was based on
a potentiometric titration procedure (Nunes et al., 2009). Three
aqueous solutions of pHs 3, 6 and 11 were prepared. Several
amounts of adsorbent (0.05, 0.1, 0.5, 1.0, 3.0, 7.0 and 10.0 g/100 g)
were added to 20 mL of each solution. The aqueous suspensions
were let to equilibrate for 24 h under agitation at 25 C. The pH of
each solution was measured using a pHmeter (Micronal, SP, Brazil)
and the pHPZC was determined as the converging value from the pH
vs. adsorbent mass curve.
2.4. Adsorption studies
Batch experiments of adsorption were performed in 250 mL
Erlenmeyer ﬂasks agitated on a shaker at 100 rpm for pre-
determined time intervals. In all experiments, a pre-determined
amount of adsorbent was mixed with 150 mL PHE solution.
Preliminary tests, for evaluation of the effects of particle size, initial
solution pH and adsorbent mass, were conducted at 25 C and at
a ﬁxed initial PHE concentration (500 mg L1). Effect of particle size
(D) was evaluated in the ranges:D< 0.50mm; 0.50< D< 0.84mm;
D > 0.84 mm (pH 6, adsorbent dosage¼ 10 mg L1). Effect of initialpH was evaluated in the range of 2e10 (adsorbent
dosage ¼ 10 mg L1) and of adsorbent dosage in the range of
5e50 g L1 (pH ¼ 6). Effect of contact time was evaluated at
periods ranging from 5 min to 6 h and initial PHE concentrations
from 300 to 1500 mg L1, employing the best values obtained for
initial pH, particle size and adsorbent concentration. After the
speciﬁed periods, 2 mL aliquots were taken from the ﬂasks and
centrifuged. The PHE concentration was determined in the
supernatant by a UVeVis spectrophotometer (Hitachi U-2010) at
257 nm. The amount of PHE adsorbed per unit mass of adsorbent
(qt, mg g1) and PHE removal percentage (%R) were calculated as:
qt ¼ ðC0  CtÞV=W (1)
%R ¼ ðC0  CtÞ  100=C0 (2)
where C0 and Ct (mg L1) are the liquid-phase phenylalanine
concentrations at initial and sampling times, respectively, V is the
volume of the solution (L) andW is the mass of adsorbent used (g).
Kinetics and equilibrium studies were performed at 25, 35 and
45 C. All tests were performed in three replicates.3. Results and discussion
3.1. Preliminary results
The coffee press cake was submitted to preliminary tests in
order to verify the effects of activation temperature and procedure
(conventional oven vs. microwave, use of nitrogen ﬂow) on PHE
removal. Microwave activation was tested according to the meth-
odology proposed by Franca et al. (2010) in comparison to oven
carbonization at 450 C. Leaching of organic material to the PHE
solution was observed for microwave activated adsorbent and not
veriﬁed for the oven-prepared material, which in turn presented
rather low adsorption efﬁciency, thus pointing toward the need for
chemical activation. Phosphoric acid was chosen as activating
agent, since it is quite effective for the development of micropores
and mesopores (Reffas et al., 2010). Regarding activation temper-
ature, similar adsorption performances were obtained at 350, 400
and 450 C after equilibriumwas reached (w82%R), whereas poorer
performance was observed at 550 C (w76%R). The chosen activa-
tion temperature was 350 C, since adsorption performance was
similar to that of carbons prepared at higher temperatures and
energy consumption in its preparation was the lowest. The use of
nitrogen ﬂow during activation led to a decrease in adsorption
efﬁciency (w48%R). Activation without nitrogen ﬂow provided
amore stablemesopore structure, reinforcement of micropores and
higher concentration of oxygenated groups at the adsorbent
surface (Girgis, Attia, & Fathy, 2007). Thus, the adsorbent was
prepared by H3PO4 impregnation followed by 1 h carbonization at
350 C.3.2. Adsorbent characterization
The nitrogen adsorption/desorption isotherms are shown in
Fig. 1, being similar to those obtained for carbonization of avocado
seeds at 1000 C (Elizalde-Gonzalez, Mattusch, Pelaez-Cid, &
Wennrich, 2007) and for H3PO4-activated spent coffee grounds
(SCG) at 450 C, with low impregnation rates (Reffas et al., 2010).
The isotherms obtained for the prepared adsorbent can be classi-
ﬁed as Type I, characteristic of materials presenting micropores
with relatively uniform pore sizes (Molina-Sabio & Rodriguez-
Reinoso, 2004). The small hysteresis observed indicates some
mesoporosity starting to develop.
Fig. 1. Adsorption (full symbols) and desorption (open symbols) isotherm of nitrogen
at 77 K of the prepared adsorbent (particle diameter ¼ 0.50 < D < 0.84 mm).
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compiled in Table 1. The produced adsorbent is essentially micro-
porous, with 86% of its surface area corresponding to micropores.
Chemical activation provided a four-fold increase in surface area,
from 120 m2 g1 in raw coffee beans to 491 m2 g1 after activation.
Both surface area and total pore volume of the prepared adsorbent
are comparable to those of SCGs activated with H3PO4 at low
impregnation rate (ASG2). The data in Table 1 shows that the
adsorbent obtained by activation of SCG with H3PO4 at high
impregnation rate (ASG3) is strictly mesoporous and presents
signiﬁcantly higher surface area. The adsorbent prepared in the
present study, however, is essentially microporous, even though
the impregnation rate was high. Such difference is attributed to the
raw material employed for production of our adsorbent (coffee
press cake) being originally less porous than the SCG employed by
Reffas et al. (2010), which were already submitted to carbonization
during coffee roasting procedure. Furthermore, our impregnation
time (3 min) was signiﬁcantly shorter than that employed for
activation of SCGs (3 h). It is noteworthy to mention that phenyl-
alanine molecules are relatively small (0.7 0.5 0.5 nm) and thus
the produced micropores (2 nm average diameter) should be
accessible to this amino acid.
The functional groups at the surface of the adsorbent, charac-
terized by the Boehmmethod, were predominantly acid, distributed
as phenolic (2.94 mmol/gsorbent), carboxylic (2.31 mmol/gsorbent) and
lactonic (0.22 mmol/gsorbent). The amount of basic groups was
0.23 mmol/gsorbent. The titration curves for evaluation of the pHPZC
converged to a value of 2.7, and therefore the adsorbent surface will
be negatively charged for solution pHs greater than 2.7. The lowTable 1
Textural properties of the prepared adsorbent in comparison to other coffee-based adso
Adsorbent
(impregnation rate)
ST (m2 g1) VT (cm3 g1) Mesopore
Sme Vme
(m2 g1) (%) (cm3 g1)
ADC (168%) 490.8 0.2768 31.00 6.32 0.034
ASG1 640 0.950 e e e
ASG2 (30%) 514 0.280 103 20.6 0.066
ASG3 (180%) 925 0.718 821 88.8 0.666
VT e total pore volume; ST e total surface area; Sme emesopore surface area; Vme emeso
spent coffee grounds (impregnation with H3PO4 þ ZnCl2 followed by 45 min carbonizat
(impregnation with H3PO4 30% followed by 1 h carbonization at 450 C); ASG3e activated
followed by 1 h carbonization at 450 C).pHPZC value is in agreement with the predominance of surface acid
groups (acidic activation). Predominance of phenolic and carboxylic
surface groups was also reported for other adsorbents prepared by
H3PO4 activation at temperatures of 350 and 450 C, with corre-
sponding pHPZC values of 2 and 3.7 (Prahas, Kartika, Indraswati, &
Ismaji, 2008; Reffas et al., 2010). Carbonization of coffee press cake
without chemical activation provided adsorbents with higher pHPZC
values of 7.9 and 12, with the lower value associated with milder
carbonization conditions and a predominance of phenolic surface
groups (Franca et al., 2010) and the higher value associated with
higher carbonization temperatures and predominance of basic
surface groups (Nunes et al., 2009).3.3. Inﬂuence of particle size, initial solution pH and adsorbent
dosage
Results on the effects of particle size, initial pH and adsorbent
dosage are shown in Fig. 2. Phenylalanine uptake was expected to
increasewith the decrease in particle size, due to the corresponding
increase in surface area and better accessibility to pores. However,
as the particle diameter was reduced below 0.50 mm, there was
a decrease in adsorption efﬁciency (Fig. 2a). Such behavior was due
to the ﬁner particles being suspended in the solution surface, thus
hindering proper mixing of the adsorbent and adsorbate. Hence,
the remaining experiments were conducted with the adsorbent
particle diameter in the range 0.50 < D < 0.84 mm.
Amino acids have both amine and carboxylic acid groups, pre-
senting both acid and base characteristics. Thus, changes in solu-
tion pH are expected to affect the adsorption mechanism and the
extent in which PHE will be adsorbed onto the solid surface.
Phenylalanine presents dissociation constants pK1 ¼ 1.83 and
pK2 ¼ 9.13 and isoelectric point pI ¼ 5.48 (Belitz, Grosch, &
Schieberle, 2009). Results on the effects of initial solution pH on
adsorption performance (Fig. 2b) demonstrated that at pHs 4 to 10
similar values for PHE removal percentage were attained after 6 h
(w65%R), whereas at pH 2 a lower removal percentage was
observed (w50%R). At pH 2, a value below pHPZC and pI, both the
adsorbent and PHE molecules are predominantly positively
charged, so the lower adsorption efﬁciency can be attributed to
electrostatic repulsion between the surface and the molecules. PHE
adsorption at this pH value probably occurs by hydrophobic inter-
actions, which are not affected by the solution pH (El Shafei &
Moussa, 2001). In the pH range of 4e6, the amino acid presents
both negative and positive charges, so electrostatic attraction
between the protonated amino groups and the negatively
charged adsorbent surface favors adsorption, whatever the
ultimate adsorption mechanism might be. When the adsorbentrbents.
Micropore Reference
Smi Vmi
(%) (m2 g1) (%) (cm3 g1) (%)
12.28 421.49 85.88 0.1995 72.10 This study
e e e e e Namane, Mekarzia,
Benrachedi,
Belhaneche-Bensemra,
and Hellal (2005)
23.6 311 60.5 0.169 60.4 Reffas et al. (2010)
92.8 60 6.5 0.046 6.9 Reffas et al. (2010)
pore volume; Smi micropore surface area; Vmi micropore volume; ASG1 e activated
ion at 600 C); ASG2 e activated spent coffee grounds with low impregnation ratio
spent coffee grounds with high impregnation ratio (impregnation with H3PO4 180%
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with the phenyl ring oriented parallel to the surface and with both
the amino and carboxylic groups interacting with the surface (Li,
Chen, Roscoe, & Lipkowski, 2001). At pH 10, there is a predomi-
nance of negative charges in both the adsorbent and the PHE
molecule, and the effect of electrostatic repulsion on adsorption
performance is observed prior to 6 h. The fact that such effect is not
signiﬁcant when adsorption equilibrium is reached is attributed to
a change in the dominant adsorption mechanism from one that is
dependent on the solution pH (e.g., interaction of ionized groups of
PHE molecule with groups at the adsorbent surface) to one that is
completely independent, such as hydrophobic interactions. pH
measurements after equilibrium was reached were in the range of3e3.5 for all values of initial solution pH between 4 and 10. This
variation of the solution pH from the initial value to one close to
the pHPZC can be explained by the Hþ ions released by the
ionized carboxylic groups of PHE molecules neutralizing some of
the negative charges at the adsorbent surface, partially restoring
the charge balance to a value close to pHPZC. For the case of initial
pH 2, the pH value remained unaltered during the entire
adsorption period, corroborating the hypothesis of the dominant
adsorption mechanism being hydrophobic interactions between
PHE aromatic rings and graphene rings at the adsorbent surface.
It was demonstrated by Rajesh, Majumder, Mizuseki, and
Kawazoe (2009) that aromatic rings of amino acids prefer to
orient in parallel with respect to the planes of surface graphene
sheets, a conﬁguration more energetically stable than others, thus
favoring interactions of the pep type. Thus, as long as there is the
possibility of hydrophobic interactions between the adsorbent
surface and PHE molecules, some degree of PHE removal from the
solutionwill occur, regardless of the solution pH. It is noteworthy to
mention that, aside from hydrophobic interactions (Doulia, Rigas, &
Gimouhopoulos, 2001), other adsorption mechanisms were
observed for aromatic amino acids on distinct adsorbents,
including hydrogen bonding (El Shafei & Moussa, 2001) and ion
exchange (Tyrsin, Kisil, Ter-Sarkisyan, & Kutukov, 2001). Based on
the results in Fig. 2b, the remaining experiments were conducted
employing initial solution pH ¼ 6. Also, this close-to-neutral pH
was selected to avoid the possibility of leaching of organic matter
from the adsorbent that might occur at the lower or higher ends of
the pH scale.
The inﬂuence of adsorbent dosage on the efﬁciency of phenyl-
alanine removal can be viewed in Fig. 2c. Removal efﬁciency
increased with the increase in adsorbent dosage (mass), being
attributed to the increase in surface area. However, the amount of
PHE adsorbed per unit mass of adsorbent decreased with
increasing adsorbent mass, due to the increase in adsorbate/
adsorbent ratio. Thus, the remaining experiments were conducted
with an adsorbent dosage of 10 g L1, given that lower dosages did
not present satisfactory adsorption efﬁciency (PHE removal
percentage) whereas higher dosages led to a signiﬁcant decrease in
adsorption capacity.
Table 2
Kinetic parameters for PHE adsorption.
PHE initial concentration (mg L1)
300 500 750 1000 1500
25 C
qe (experimental) 17.35 28.74 39.57 42.83 50.41
Pseudo ﬁrst-order
k1 (h1) 1.806 1.801 2.312 2.111 2.098
qe (estimated) (mg g1) 16.91 27.38 36.76 40.76 48.19
(% diff.)a (2.5) (4.7) (7.1) (4.8) (4.4)
r2 0.953 0.960 0.946 0.936 0.976
RMS (%) 8.882 6.298 5.918 8.233 5.432
Pseudo second-order
k2 (g mg1 h1) 0.1178 0.0685 0.0636 0.0600 0.0479
qe (estimated) (mg g1) 19.34 31.96 42.91 46.50 55.22
(% diff.)a (11.5) (11.2) (8.4) (8.6) (9.6)
r2 0.992 0.998 0.999 0.997 1.000
RMS (%) 8.217 2.545 2.705 5.810 1.957
Intra-particle diffusion
kp (mg g1 h1/2) 11.377 15.490 18.854 24.146 27.504
C 1.062 4.708 9.954 7.041 9.665
r2 0.901 0.997 0.976 0.930 0.958
35 C
qe (experimental) 13.09 20.89 28.08 31.85 54.74
Pseudo ﬁrst-order
k1 (h1) 1.116 1.396 1.568 1.652 1.522
qe (estimated) (mg g1) 13.02 20.09 26.73 30.77 52.42
(% diff.)a (0.5) (3.8) (4.8) (3.4) (4.2)
r2 0.981 0.963 0.980 0.979 0.962
RMS (%) 8.570 8.836 3.305 4.061 8.275
Pseudo second-order
k2 (g mg1 h1) 0.0850 0.0722 0.0508 0.0518 0.0309
qe (estimated) (mg g1) 15.52 23.71 32.28 36.25 61.45
(% diff.)a (18.6) (13.5) (15.0) (13.8) (12.3)
r2 0.988 0.993 0.999 0.999 0.996
RMS (%) 6.513 6.453 1.814 1.628 5.055
Intra-particle diffusion
kp (mg g1 h1/2) 8.763 12.701 15.463 18.280 31.725
C 0.718 0.743 3.329 3.953 4.606
r2 0.992 0.975 0.968 0.990 0.987
45 C
qe (experimental) 11.14 14.56 21.84 24.80 32.06
Pseudo ﬁrst-order
k1 (h1) 1.730 2.008 2.444 1.828 1.983
qe (estimated) (mg g1) 11.33 15.69 22.68 25.76 32.40
(% diff.)a (1.7) (7.7) (3.9) (3.8) (1.1)
r2 0.999 0.952 0.982 0.985 0.979
RMS (%) 1.381 6.114 3.206 5.133 4.970
Pseudo second-order
k2 (g mg1 h1) 0.1612 0.2158 0.1762 0.0962 0.0807
qe (estimated) (mg g1) 12.81 16.19 23.82 27.93 35.61
(% diff.)a (15.0) (11.2) (9.1) (12.6) (11.1)
r2 0.993 0.983 0.992 0.990 0.994
RMS (%) 4.075 6.591 5.163 4.488 2.278
Intra-particle diffusion
kp (mg g1 h1/2) 7.909 11.677 13.962 18.668 21.068
C 0.564 0.842 4.955 1.087 4.205
r2 0.937 0.883 0.958 0.969 0.990
a % difference between model-estimated and experimental qe values.
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Fig. 4. Fitting of intra-particle diffusion model for PHE adsorption at 25 C (initial
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The adsorption data presented in Fig. 3 show that adsorption
presents a strong dependency on PHE initial concentration and that
a contact timeof 4 h assuredattainmentof equilibriumconditions for
all initial PHE concentrations. An increase in the initial PHE
concentration led to an increase in total amount adsorbed, due to the
corresponding increase in driving force (PHE concentration
gradient). Regardless of the initial PHE concentration, adsorption can
be described by a two-stage kinetic behavior, with a rapid initial
adsorption during the ﬁrst 15 min, followed by a slower rate after-
ward. The faster initial PHEadsorption couldbe an indication that the
resistance to bulk diffusion is negligible in comparison to theresistance to intra-particle diffusion. The same qualitative behavior
was observed for experiments conducted at higher temperature
values.3.5. Adsorption kinetics
The controlling mechanism of the adsorption process was
investigated by ﬁtting pseudo ﬁrst and second-order kinetic
models to the experimental data (Ho, 2006):
Pseudo first-order : qt ¼ qe

1 ek1t

(3)
Pseudo second-order :
t
qt
¼ 1
k2q2e
þ t
qe
(4)
where qe and qt correspond to the amount of PHE adsorbed per unit
mass of adsorbent (mg g1) at equilibrium and at time t,
Table 3
Adsorption isotherm models and ﬁtting parameters.
Model Equation Parameter values r2 RMS (%)
25 C 35 C 45 C 25 C 35 C 45 C 25 C 35 C 45 C
Langmuir
qe ¼ qmKLCe1þ KLCe
KL ¼ 0:0031
qm ¼ 69:45
KL ¼ 0:0016
qm ¼ 61:56
KL ¼ 0:0015
qm ¼ 47:09
0.9808 0.9905 0.9554 2.00 1.54 2.56
Freundlich qe ¼ KFC1=ne KF ¼ 1:58
1=n ¼ 0:53
KF ¼ 0:59
1=n ¼ 0:62
KF ¼ 0:44
1=n ¼ 0:61
0.9513 0.9737 0.9322 3.72 2.79 3.20
Tempkin qe ¼ ðRT=bÞlnðKTCeÞ KT ¼ 0:0253
b ¼ 0:0067
KT ¼ 0:0143
b ¼ 0:0055
KT ¼ 0:0151
b ¼ 0:0038
0.9817 0.9941 0.9379 1.76 1.06 3.12
DubinineRadushkevich (DeR) qe ¼ qmexpðBe2Þ
e ¼ RTlnð1þ 1=CeÞ
E ¼ 1=
ﬃﬃﬃﬃﬃﬃ
2B
p
E ¼ 9:70
qm ¼ 279:65
E ¼ 9:13
qm ¼ 262:77
E ¼ 9:44
qm ¼ 193:89
0.9613 0.9806 0.9309 3.16 2.30 3.45
qe (mg g1) is the equilibrium adsorption capacity; Ce (mg L1) is the solute concentration in the aqueous solution, after equilibrium; qm (mg g1) is the maximum adsorption
capacity; R is the universal gas constant (8.314 J mol1 K1); T (K) is the absolute temperature; E (KJ/mol1) is the mean free energy; the remaining constants are empirical
parameters associated to each speciﬁc model.
Table 4
Monolayer maximum adsorption capacity of several adsorbents for phenylalanine
removal.
Adsorbent Q0 (mg g1) Reference
Polymeric adsorbent 115.6 Grzegorczyk
and Carta (1996)
Commercial activated carbon 100.0 Garnier et al. (2007)
Polymeric resins 65.9e100.8 Díez et al. (1998)
Activated defective coffee beans 47.9e69.5 This study
Spherical carbon aerogels 66.1 Long et al. (2009)
Carbonated calcium phosphates 44.0 Bihi, Bennani-Ziatni,
Taitai, and Lebugle (2002)
NAZSM-5 zeolite 41.3 Titus et al. (2003)
Organic-inorganic
hybrid membranes
1.2 Wu, Zhao, Nie,
and Jiang (2009)
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units are h1 for n ¼ 1 and g mg1 h1 for n ¼ 2).
The results for the ﬁts of the kinetic models and their estimates
for equilibrium adsorption capacity are displayed in Table 2. The
best-ﬁt model was selected based on both the regression correla-
tion coefﬁcients (r2) and the difference between experimental
(qt,exp) and model-estimated (qt,est) values, evaluated by a root
mean square error measure:
RMSð%Þ ¼ 100
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXh
qt;est  qt;exp
.
qt;exp
i2r
=N (5)
where N is the number of experimental points.
The pseudo ﬁrst-order model provided a satisfactory ﬁt, with
high values of correlation coefﬁcients (0.936 < r2 < 0.999) and
satisfactory predictions of the equilibrium adsorption capacity
(predicted values w5% smaller than experimental values). The
pseudo second-order model provided higher values of correlation
coefﬁcients (0.983< r2<1.000) and lower values of RMS error, thus
being considered more adequate for description of the adsorption
data. This model has been successfully applied for description of
adsorption kinetics of a variety of adsorbates, describing both
chemisorptions, involving valency forces through the sharing or
exchange of electrons between the adsorbent and adsorbate, and
ion exchange (Ho, 2006).
Given the microporous nature of the produced adsorbent,
diffusion inside the pores was investigated according to the intra-
particle diffusion model (Weber & Morris, 1963):
qt ¼ kpt1=2 þ C (6)
where kp is the intra-particle diffusion rate constant, evaluated as
the slope of the linear portion of the curve qt vs. t1/2. If intra-particle
diffusion is the rate-controlling step, the qt vs. t1/2 plot should
correspond to a straight line passing through the origin. In theory,
this plot can present up to four linear regions, representing
boundary-layer diffusion, followed by intra-particle diffusion in
micro, meso, and macropores, followed by a horizontal line rep-
resenting the system at equilibrium. Results for intra-particle
diffusion are displayed in Fig. 4 and the corresponding values of
the calculated parameters are shown in Table 2. For each value of
initial concentration three distinct ﬁtted lines can be identiﬁed:
a ﬁrst line passing through the origin (representing diffusion in
mesopores), followed by a second of lower inclination (diffusion in
micropores), and a third representing equilibrium. An increase in
slope values is observed for the ﬁrst two lines with an increase in
initial concentration, this being attributed to the corresponding
increase in the driving force for mass transfer between the solutionand the adsorbent. Our results indicate that diffusion in micro and
mesopores are the controlling mechanisms.
3.6. Adsorption equilibrium
The adsorption isotherms (plots of the equilibrium adsorption
capacity, qe, vs. PHE concentration in the aqueous solution after
equilibrium, Ce) are displayed in Fig. 5. The shapes of all the curves
indicate favorable adsorption. An increase in temperature lead to
a decrease in the amount adsorbed, indicating that PHE adsorption
is exothermic. Also, at higher temperatures, the PHE molecules will
present a greater tendency to form hydrophobic bonds in solution,
thus hindering their hydrophobic interactions with the adsorbent
surface (El Shafei &Moussa, 2001). Details on the testedmodels and
calculated parameters are shown in Table 3. Model selection was
based on highest r2 values coupled with the lowest difference
between calculated and experimental results for qe values, evalu-
ated according to a root mean square error measure.
An evaluation of average values of both r2 and RMS shows that
phenylalanine adsorption was better described by Langmuir and
Tempkin models. Langmuir model is associated to homogeneous
and monolayer adsorption. The homogeneous nature of the
adsorption process is conﬁrmed by the Tempkin model, which is
characterized by a uniform distribution of binding adsorption
energies. Regarding Freundlich isotherm, the slope 1/n ranging
between 0 and 1 is a measure of adsorption intensity. A value for 1/
n below one indicates a normal Langmuir isothermwhile 1/n above
one is indicative of cooperative adsorption. An average value of 0.46
was observed for 1/n, corroborating the homogeneous nature of the
adsorbent surface, consistent with the good Langmuir and Tempkin
ﬁts. Maximum PHE uptake capacity, based on Langmuir model, was
69.5mg g1, a comparable value to other adsorbents reported in the
literature for PHE adsorption (Table 4). The adsorption capacity was
H.M. Clark et al. / LWT - Food Science and Technology 49 (2012) 155e161 161either equivalent or higher thanmore expensive adsorbents such as
zeolites and polymeric resins.
The study of single component adsorption, e.g., phenylalanine, is
relevant to establish the adsorption mechanisms that occur in the
studied system thus allowing the adsorption conditions to be set in
order to favor its removal in multi-component systems, e.g., in
protein hydrolysates where other amino acids compete for
adsorption. This study showed that PHE was predominantly
adsorbed by hydrophobic interactions, in which the phenyl ring is
the main portion of the molecule interacting with the surface of the
adsorbent, probably with its constitutive graphene rings. Also,
Doulia et al. (2001) demonstrated that the phenolic amino acids
tryptophan, phenylalanine and tyrosinewill be preferably adsorbed
when in solution with other amino acids due to their higher
hydrophobicity. Thus, the multi-component adsorption of amino
acids in a solutionwhere only the phenolic ones are present should
provide a reasonable scenario of what would happen to the
phenylalanine when present in solution with other amino acids,
phenolic or not, and it is the scope of an ongoing work.
4. Conclusion
Defective coffee press cake was thermally and chemically
treated and successfully used as an adsorbent for the removal of
phenylalanine from aqueous solutions. The adsorbent was essen-
tially microporous, with an adequate chemical make-up at the
surface. The predominant adsorption mechanism was evaluated as
of a hydrophobic type, but others were also observed depending on
the solution pH. The adsorption equilibrium data were better
described by the Langmuir equation, indicating homogeneous
adsorption. The maximum value of uptake capacity for the adsor-
bent/adsorbate system studied was comparable to values encoun-
tered in the literature for other types of adsorbents. The results
herein presented indicate that PHE removal from aqueous solutions
can be satisfactorily accomplished by a residue-based adsorbent.
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